Effects of a quaternary ammonium compound (QAC) on the survival of adhering staphylococci on a surface were investigated using atomic force microscopy (AFM). Four strains with different minimal inhibitory (MIC) and bactericidal (MBC) concentrations for the QAC were exposed to three different concentrations of the QAC in potassium phosphate buffer (0.5, 1 and 2 x MBC), while adhering to glass. Adhering staphylococci were repeatedly imaged with AFM in the contact mode and the cell surface was found to wrinkle upon progressive exposure to the QAC until bacteria disappeared from the substratum. Higher concentrations of QAC yielded faster wrinkling and disappearance of bacteria during imaging. Two slime-producing staphylococcal strains survived longer on the surface than two non-slimeproducing strains, despite similar MIC and MBC values. All staphylococci adhering in unscanned areas remained adhering during exposure to QAC.
Introduction
Biomaterial-associated infections, not only of totally internal implants but also of external devices as contact lenses or urinary catheters remain a serious concern in modern health care 8 . The most common causative strains for biomaterial-associated infections are Gram-positive Staphylococcus aureus, Staphylococcus epidermidis and Gram-negative Pseudomonas aeruginosa 32 .
Bacteria tend to adhere strongly to biomaterial implants and devices, leading to the formation of a biofilm 10 . In a biofilm, microorganisms embed themselves in a matrix of extracellular polymeric substances (EPS), also-called 'glycocalyx' or 'slime', offering protection against the host immune system and antimicrobial treatment 23 , to which planktonic organisms are usually much more susceptible 8 . In staphylococcal strains, EPS formation depends in part on the presence and expression of the icaADBC gene cluster 5 , which is involved in the production of a polysaccharide intracellular adhesin (PIA) 1 .
PIA is known to mediate bacterial contact with each other and embeds adhering bacteria in a slimy PIA matrix during biofilm formation 28 . The ica operon is widespread in staphylococcal multi-resistant isolates and represents one of the most important virulence factors causing biomaterialassociated infections 2 .
One of the strategies to prevent biofilm formation on the surfaces of biomaterials implants and devices is the application of antimicrobial coatings comprising quaternary ammonium compounds (QAC) 15, 22, 26 . Alternatively, water-soluble low molecular weight QACs are often used in contact lens care solutions to convey antimicrobial properties to the solution to enhance lens cleaning 18 . QACs are potent cationic antimicrobials, known to affect the viability of Gram-positive and Gram-negative bacteria in planktonic cultures as well as in biofilms. QACs interact with bacterial cell surfaces to become integrated in the bacterial cell membrane and affect the cytoplasmic membrane integrity by creating holes, followed by leakage of intercellular constituents, ultimately leading to cell death 10, 24 . Bacterial susceptibility and resistance to QACs has been related with bacterial cell surface hydrophobicity and charge 4 . The role of bacterial membrane charge may have been underestimated in explaining the mechanisms underlying the antimicrobial efficacy of QACs, as integration of a QAC molecule in the cell membrane requires removal of a Ca 2+ -ion from the membrane in order to maintain a neutral membrane charge. Therewith it can be expected that the efficacy of QACs will depend on the presence or absence of Ca 2+ in the surrounding fluid.
Effects of Ca 2+ -ions on QAC antimicrobial efficacy however, have never been thoroughly demonstrated. Surfactant properties of QACs have also been mentioned to contribute to cell surface damage 12 .
Over the past, different approaches have been taken to visualize the effect of antimicrobial compounds on bacteria. The most common technique used is high-resolution electron microscopy, which requires however extensive sample preparation 13 . Confocal Laser Scanning Microscopy (CLSM) and Atomic Force Microscopy (AFM) can both be applied to operate under physiological conditions. CLSM imaging is at a more macroscopic level, whereas AFM can assess the topography of a bacterial cell surface 14, 25 at a nanoscopic level. Unlike most other imaging tools, AFM requires neither a vacuum environment nor any special sample preparation. Consequently, AFM has become a well-established technique for producing high resolution images of bacterial cell surfaces 19, 34 . An alternative use of AFM is to measure the ease of bacterial removal from a surface under the influence of a force exerted by the scanning tip. Progressive removal of P. aeruginosa and S. aureus from titanium oxide substrata was demonstrated with increasing number of scans after air-drying of bacteria to the substratum surface 33 .
The aim of this study is to determine the efficacy of a commercially available quaternary ammonium compound, manufactured from coconut oil, (Ethoquad C/25 (Cocoalkyl methyl (polyoxyethylene) ammonium chloride)) against a number of staphylococcal strains with different ica-status and slimeproduction. First, minimal inhibitory (MIC) and minimal bactericidal concentrations (MBC) will be determined after which adhering staphylococci are exposed to QAC solutions and their cell surfaces imaged using AFM. While scanning the AFM tip over the adhering bacteria, survival of adhering bacteria on a substratum surface during exposure to solutions with different QAC concentrations will be taken as an indication of cell surface damage.
Experiments will be performed in the presence and absence of Ca 2+ -ions in the surrounding fluid in order to rule out surfactant effects and to provide evidence in support of the role of membrane charge exchange in the integration of QAC molecules in the bacterial cell membrane.
Materials and methods

Bacterial strains and growth conditions
Three clinically-isolated staphylococcal strains were used, originating from different infection sites (S. aureus 7232, from an infected total hip arthroplasty, S. aureus 835 from a patient with microbial keratitis and S. epidermidis 3081 from a urinary tract infection) and one ATCC strain (S. epidermidis ATCC 12228). All strains were first grown overnight at 37°C on a blood agar plate from a frozen stock. One colony was inoculated in 10 ml tryptone soya broth (TSB, Oxoid, Basingstoke, UK), and incubated at 37°C for 24 h and used to inoculate the main culture (200 ml), which was incubated for 16 h. Bacteria were harvested by centrifugation for 5 min at 5000 g and 10°C and subsequently washed three times with ultrapure water. Next, bacteria were suspended in 10 ml ultrapure water for bacterial surface characterisation, fluorescence microscopy, and atomic force microscopy analyses. 
IcaA expression
Expression of icaA in the staphylococcal strains was determined using total RNA isolation and real-time RT-PCR analysis. The sequence of S. aureus ATCC 12600 was used to design two primer sets for real-time RT-PCR analysis of the S. aureus strains: gyrB and icaA. Real-time RT-PCR was performed using 100 nM of each primer under a two-step protocol with an annealing temperature of 61°C. Under these PCR conditions, both the gyrB and icaA primer set (gyrB3; 5'-GGAATCGGTGGCGACTTTGATCTAGCGAAA-3', gyrB4; 5'-CGCTCCATCCACATCGGCATCAGTCATAAT-3', icaA1; 5'-.
CTGGCGCAGTCAATACTATTTCGGGTGTCT-3', icaA2; 5'-GACCTCCCAATGTTTCTGGAACCAACATCC-3'), 9 yielded specific PCR products with a PCR efficiency of 100%.
For S. epidermidis strains, two reference strains were used: a positive control S. epidermidis ATCC 35984, which is known to express the icaA gene and a negative control S. epidermidis ATCC 12228, which does not express the icaA gene. For real-time RT-PCR analysis two primer sets were designed for gyrB and icaA (gyrB forward; 5'-GGAGGTAAATTCGGAGGT-3', gyrB reverse; 5'- 27 . RT-PCR analyses were done at an annealing temperature of 58°C.
Total RNA was isolated from 16 h cultures grown at 37°C. Bacteria were harvested by centrifugation and frozen at -80°C. Samples were thawed slowly on ice and re-suspended in 100 µl diethylpyrocarbonate treated water, after which the bacterial suspension was frozen in liquid nitrogen. The frozen bacteria were then ground using a mortar and pestle. Total RNA was isolated using the Invisorb Spin Cell RNA Mini Kit (Invitek, Freiburg, Germany). DNA was removed using the DNA free kit from Ambion and absence of genomic DNA was verified by RT-PCR prior to reverse transcription. For all samples, 35 cycles of PCR using the gyrB primer set did not result in any detectable signal.
For cDNA synthesis, 250 ng of total RNA was used (Iscript, Bio-rad, Veenendaal, The Netherlands). Reactions were prepared in duplicate using the CAS-1200TM pipetting robot (Corbett Life Science, Sydney, Australia).
Expression levels of icaA in staphylococci were analysed using the 2 -∆∆C T method 21 with gyrB as reference gene, with respect to ica-positive and icanegative strains. 
Contact angle measurements
Water contact angles were measured on bacterial lawns employing the sessile drop technique as a measure of the bacterial cell surface hydrophobicity. Staphylococci suspended in ultrapure water were deposited on a filter (pore diameter 0.45 µm) using negative pressure. The filter was attached to a sample holder with double-sided sticky tape and dried at room temperature until a stable, so-called plateau contact angle was reached, which was established after 40 min for the non-slime producing and after 50 min for the slime producing strains. Contact angle measurements were determined in triplicate with separately cultured bacteria.
Minimal inhibitory (MIC) and bactericidal (MBC) concentrations
The MIC of (Ethoquad C/25 (Cocoalkyl methyl (polyoxyethylene) ammonium chloride)) (AKZONobel, Amsterdam, The Netherlands; see Figure   1 ) dissolved in 10 mM potassium phosphate buffer, pH 7.0 was determined 
Fluorescence microscopy
Possible cell surface-damaged of bacteria adhering on the glass slides immediately after preparation as described above and after 45 min exposure Fluorescent images were collected with a fluorescence microscope (Leica DM4000 B, Leica Microsystems Heidelberg GmbH, Heidelberg, Germany).
Statistical analyses
Survival of adhering bacteria exposed to the different QAC solutions was compared to the control (potassium phosphate buffer or demineralised water only), using Log-rank (Mantel-Cox) of the Windows package SPSS 12.0.1. Differences were considered statistically significant for p < 0.05.
Results
The genotype of the staphylococcal strains was determined by the icaA expression using real-time PCR relative to the reference gene gyrB and including two icaA positive controls (S. epidermidis ATCC 35984 and S. aureus ATCC 12600). S. aureus 835 and S. aureus 7232 were both found to be icapositive, whereas S. epidermidis 3081 and S. epidermidis ATCC 12228 were icanegative (see Figure 2 ). Both ica-positive strains (S. aureus 835 and S. aureus 7232) showed black colonies on CRA agar plates, while the two ica-negative strains (S. epidermidis ATCC 12228 and S. epidermidis 3081) displayed redpink colonies. In addition, the ica-positive strains had less negative zeta potentials (-24 and -28 mV) and more hydrophobic water contact angles (32 and 43 degrees) than the ica-negative ones (zeta potentials -35 and -34 mV and water contact angles 12 and 17 degrees).
The MIC and MBC values for the QAC of the slime producing and nonslime producing staphylococcal strains were similar (see Table 1 ). Growth in observed when the staphylococci were exposed to potassium phosphate buffer only, while bacteria also appeared larger than when exposed to QAC.
Closer inspection of adhering staphylococci exposed to a 1 x MBC solution ( Figure 5 ) shows that detachment occurs progressively with time and that the bacterial cell wall loses integrity within 30 min after exposure to the QAC and consequently disappears from the scanned area. In Figure 6B , an enlarged image of S. epidermidis ATCC 12228 after 60 min exposure to a 1 x MBC QAC solution is presented. Surface wrinkling can be clearly seen after exposure to a QAC solution, as opposite to the smooth surface ( Figure 6A ) expressed by bacteria exposed to potassium phosphate buffer only.
Staphylococcal detachment during exposure to QAC was monitored for 300 min and the bacteria remaining on the surface were plotted in a KaplanMeier survival curve, as presented in Figure 7 . Exposure to buffer did not cause any bacterial removal, but exposure to a QAC solution yielded significant (p < 0.05) staphylococcal removal. S. epidermidis ATCC 12228 and S. epidermidis 3081, the non-slime producing strains, were more readily removed from the surface than S. aureus 835 and S. aureus 7232, the slime producing strains. Removal was easier after exposure to higher concentrations of QAC. 
